Compact thermoelectric generators operating with small temperature differences can be used to power autonomous circuitry and low-power electronics. This work presents an analysis of potential design optimizations for such devices, also called μTEGs. The analysis considers the effects of external thermal resistances, fill factor, ZT values, and the choice of insulating filler material on the thermoelectric performance. Many of the trends are strongly related to the ratio of internal to external thermal resistance, which determines the proportion of the total temperature drop realized across the active region of the thermoelectric. The results of this analysis provide a framework for thermal optimization of thermoelectric devices designed for small-scale heat to electricity conversion. Further, external thermal resistances are shown to be a dominant factor in performance for compact devices.
INTRODUCTION
Thermoelectric devices offer promise for the solid state conversion of heat to useful electric power [1, 2] . In recent years, there has been an interest in the use of micro-thermoelectric generators (μTEGs) to provide reliable, sustainable power for small electronics such as wireless sensor nodes and autonomous circuitry [3] [4] [5] [6] [7] [8] . The use of μTEGs in these applications allows for reduced maintenance costs and longer device operating time compared to battery power supply. This is particularly important when a traditional battery is inaccessible or the device is placed in a remote or harsh environment, such as sensors used in pipelines or industrial applications. Since small generators are often used in near-room temperature conditions, Bi 2 Te 3 -based alloys have been common material choices due to their relatively high ZT value, the thermoelectric figure of merit encapsulating a material's thermal and electrical transport properties, at room temperature [2, 7] . Silicon has also been explored due to its compatibility with CMOS processes and the assumption that such small devices would be best produced through high-volume microfabrication processes, though its thermoelectric performance is lower [5, 6] .
Much past research has addressed the general design and fabrication of μTEGs, with minimal system-level optimization. An analysis by Glatz, et al. numerically modeled and experimentally observed the effects of different fill factors, materials, and device temperatures, and examined the optimum leg length for a series of device configurations [3] . A report by Huesgens, et al. analyzed an optimized heat flow path within a fabricated device [4] . Reports by Strasser, et al. also discussed internal heat flow optimization through micromachining [5, 6] . However, little attention has been given to systemlevel design considerations including the importance of external thermal resistances and fill factor, particularly when considering small-scale devices.
The present study focuses on optimization concerns for a small-scale thermoelectric generator device operating near room temperature. 
ANALYSIS
The optimization of a thermoelectric device begins with a consideration of thermal design, material selection, fabrication, and device design. The image in Fig. 1 illustrates the interplay between these elements and into which categories different device metrics fall, including Seebeck coefficient (α), device area (A), number of thermoelectric leg pairs (n), electric power output (P out ), internal electrical resistance (R TEG ), and temperature drop (ΔT). As many of these metrics are interdependent due to the nature of material properties and device design, it is important to consider each major category simultaneously during optimization. In this study, Bi 2 Te 3 is chosen for its roomtemperature performance metrics and proven manufacturability at the micro-scale. In order to examine the effects of these different design parameters the performance of the μTEG device is modeled using a thermal resistance network assuming 1D conduction heat transfer. The resistance network is given in Fig. 2 . In Fig. 2 , K h and K c represent a constant hot and cold side thermal resistance, respectively, due to substrate contacts as part of the device. Resistances K h,ext and K c,ext account for boundary resistances outside of the device which are dependent on application. The model accounts for conduction heat transfer through the device from the hot-side source to the cold-side sink, as well as Joule heating and Peltier effects as shown. The Thomson effect is neglected, due to its relatively low contribution compared to other effects [5, 6, 9, 10] . Radiation and convection in the case of air and vacuum filler inside the device are also neglected. This is a reasonable assumption in part because the operating temperatures are very close to ambient, which significantly reduces the effects of radiative transfer due to the T 4 proportionality in the Stefan-Boltzmann law. Convection transfer would only be considered in the case of a gas filler, and an enclosed device would limit the consideration to free convection at very small temperature differences. Further, analysis of the dominant heat transfer mechanism motivates a compact and robust analysis. One-dimensional heat transfer through the device is modeled using parallel resistances for the filler and thermoelectric materials. Equations (1) and (2) provide the nodal energy balances formulated at temperature nodes T TEG,h and T TEG,c , respectively, from the thermal resistance network presented in Fig. 2 :
where:
The voltage and electrical current are found using Equations (6-8):
In the present analysis, matched load conditions are always assumed, for which the thermoelectric electrical resistance and load electrical resistance are equivalent. The potential power produced by the device is limited by the temperature gradient across the active thermoelectric material, which is directly related to its thermal resistance. The thermal path through the device is modeled as 1D conductive heat flow in parallel through the thermoelectric legs and the filler material. Equations (9) and (10) provide relations for calculating the thermal resistance of the thermoelectric and filler materials.
The amount of filler material present, and hence the impact of the filler material on the thermal path, is determined by the fill factor. The fill factor represents the fraction of cross-sectional device area filled with active thermoelectric material, as illustrated in Fig. 3 and described mathematically in Equation (11) . The equations are solved simultaneously using Engineering Equation Solver (EES) [11] and imposing either a constant temperature difference or constant heat flow across the device. The model is validated against a report from Glatz, et al. [3] , with which the present code shows good agreement.
RESULTS & DISCUSSION
The device parameters for use in the analysis were selected by using the model to reproduce data for a commercial Bi 2 Te 3 -based μTEG [12] . The parameters in Table 1 are those providing a reasonable fit to the available data for power output, voltage, and current for different temperature differences across the device. 
First, the effects of external thermal resistance on specific power output are examined. The hot-side external thermal resistance K h,ext is assumed to take a value of 0.5 KW -1 , approximating metal-metal conduction contact resistance [13] . A range of cold-side external thermal resistances K c,ext are analyzed from 0.1-15 KW -1
. Forced convection and free convection cooling are assumed to be represented by 5-10 KW -1 and 15 KW -1 , respectively. These values were extracted using the model developed in this work to match output parameters to those of a device with an attached fin array for forced and free convection [14] . Factors such as flow conditions and fin design will have a significant impact on the effective heat transfer coefficient and convective cooling rate. The filler material is assumed to be air with a room temperature thermal conductivity of k filler = 0.024 Wm -1 K -1 [15] . A chip area of 10 mm 2 is assumed. Figure 4 shows that the external thermal resistance has a significant impact on both the maximum achievable power output and the thermoelectric leg length for which that maximum power point occurs. For a fixed temperature difference from the hot and cold reservoirs, the maximum possible temperature difference available across the TEG is limited. By decreasing the thermal resistances that do not contribute to thermoelectric conversion, a larger temperature gradient is present across the TEG, resulting in a higher power output. The thermal resistance of the μTEG itself is the reason for the trend in optimal leg length. Increasing the leg length increases the thermal resistance of the μTEG. With constant external thermal resistances, this increases the desired temperature drop asymptotically toward the maximum difference between hot and cold reservoirs. At a certain point, the gains in power output due to larger internal thermal resistance are balanced by the increasing electrical resistance, which also increases with leg length. Since the voltage asymptotically approaches a maximum value while the μTEG electrical resistance increases linearly with leg length, the current, and therefore power output, first increases and then decreases with leg length. The results of Fig. 4 demonstrate the potential for an order of magnitude difference in power output depending on estimated external thermal resistances for different cold-side boundary conditions. This effect is especially pronounced in a μTEG device due to the inherently smaller internal thermal resistance. The fill factor is another important design consideration, and specifies the cross-sectional area occupied by active thermoelectric material. For a fixed overall chip size, the fill factor can be modified in two ways: (1) by variation of the number of legs of fixed area, or (2) by variation of the leg area for a fixed number of legs. This study assumes that the area of each leg remains constant and the number of legs is varied to achieve the desired fill factor. A performance plot for different fill factors is provided in Fig. 5 . Conduction contact resistances are assumed to be 0.5 KW -1 for the hot and cold sides. The filler material is modeled as air. The results of Fig. 5 show that by increasing the fill factor, the maximum achievable power output can be increased. This is due to the increase in active thermoelectric material. Two interesting points contrast the results of Fig. 5 with Fig. 4 . First, the order of increasing peak power goes in the direction of increasing optimal leg length, opposite the trend seen in Fig. 4 . Second, there are clear crossings of the performance curves at short leg lengths. Both of these effects are due to the impact of fill factor on the TEG thermal resistance. For a given leg length, increasing the fill factor decreases the thermal resistance by providing a larger area for heat conduction. At short leg lengths, the drop in thermal resistance by the increased area cannot be offset by the resistance present from the leg length, and the power is decreased. However, as the area is increased with fill factor, the leg lengths can be lengthened before the losses due to increased electrical resistance dominate. An important conclusion is that design for lower fill factors may be preferable in cases where leg length is limited by manufacturing considerations to lengths much less than 100 μm. The effects of the figure of merit ZT are also examined. The expression for ZT is given by:
Variation of ZT is achieved here by changing the value of thermal conductivity of the thermoelectric material. The values of k TEG and their corresponding ZT values are provided in Table 2 . The area-specific power vs. leg length curve for varying ZT values is given in Fig. 6 . The results shown in Fig. 6 illustrate the same trend as in Fig. 4 . This is due to the fact that for a constant fill factor, increasing the TEG thermal conductivity and increasing the external thermal resistance effectively have the same result: both cause a higher fraction of the temperature drop to occur outside of the active thermoelectric element. Finally, the effects of specific filler materials are considered. The primary property of interest is the thermal conductivity of each material, which is provided in Table 3 . The value for vacuum was calculated assuming a MEMS device vacuum pressure of 1 Pa [17] and approximating based on kinetic theory relations. The results for low and high fill factors are provided in Fig. 7a and b, respectively. The results shown in Fig. 7 illustrate that the selection of filler materials can be very important depending on the overall device design. If the device has a low fill factor, more cross-sectional area will be taken up by the filler material, allowing more opportunity for the development of a significant thermal short bypassing the legs. For a very high fill factor of 0.95, there is no appreciable difference for a filler material with thermal conductivity in the range of 1E-4 to 0.208 Wm -1 K -1 . SUMMARY AND CONCLUDING REMARKS Design optimization considerations for a μTEG device under low ΔT operating conditions were reviewed in this work. Different design parameters were analyzed by solving a simple heat conduction model implementing Peltier and Joule heating effects. Careful attention was given to external thermal resistances, which have not in general been specifically examined in previous studies of μTEGs. Due to the inherently low internal thermal resistance of the μTEG, external thermal resistance was found to have a significant impact on device performance, with an order of magnitude difference in achievable power output between conduction and free convection boundary conditions. The impact of fill factor was examined by varying the number of thermoelectric leg pairs while keeping the device area constant. For sufficiently long thermoelectric leg lengths, increasing the fill factor increases the power output, with the maximum attainable power output increasing with increasing fill factor. The effects of increasing the quantity ZT by decreasing the μTEG thermal conductivity were found to follow the same trend as decreasing the external thermal resistance. The impact of different filler materials was examined, with analysis showing a strong dependence on fill factor. The analysis suggests that in the case of compact μTEGs, optimization of the external boundary resistances is critical and has the potential to impact device performance even more than the thermoelectric figure of merit ZT. Additionally, due to the crossover of specific power curves it may be beneficial to design for lower fill factors when manufacturing processes limit the thermoelectric legs to lengths much less than 100 μm.
